Neuroblastoma tumors frequently show loss of heterozygosity of chromosome 11q with a shortest region of overlap in the 11q23 region. These deletions are thought to cause inactivation of tumor suppressor genes leading to haploinsufficiency. Alternatively, micro-deletions could lead to gene fusion products that are tumor driving. To identify such events we analyzed a series of neuroblastomas by comparative genomic hybridization and single-nucleotide polymorphism arrays and integrated these data with Affymetrix mRNA profiling data with the bioinformatic tool R2 (http://r2.amc.nl). We identified three neuroblastoma samples with small interstitial deletions at 11q23, upstream of the forkhead-box R1 transcription factor (FOXR1). Genes at the proximal side of the deletion were fused to FOXR1, resulting in fusion transcripts of MLL-FOXR1 and PAFAH1B2-FOXR1. FOXR1 expression has only been detected in early embryogenesis. Affymetrix microarray analysis showed high FOXR1 mRNA expression exclusively in the neuroblastomas with micro-deletions and rare cases of other tumor types, including osteosarcoma cell line HOS. RNAi silencing of FOXR1 strongly inhibited proliferation of HOS cells and triggered apoptosis. Expression profiling of these cells and reporter assays suggested that FOXR1 is a negative regulator of fork-head box factormediated transcription. The neural crest stem cell line JoMa1 proliferates in culture conditional to activity of a MYC-ER transgene. Over-expression of the wild-type FOXR1 could functionally replace MYC and drive proliferation of JoMa1. We conclude that FOXR1 is recurrently activated in neuroblastoma by intrachromosomal deletion/fusion events, resulting in overexpression of fusion transcripts. Forkhead-box transcription factors have not been previously implicated in neuroblastoma pathogenesis. Furthermore, this is the first identification of intrachromosomal fusion genes in neuroblastoma.
Neuroblastoma tumors frequently show loss of heterozygosity of chromosome 11q with a shortest region of overlap in the 11q23 region. These deletions are thought to cause inactivation of tumor suppressor genes leading to haploinsufficiency. Alternatively, micro-deletions could lead to gene fusion products that are tumor driving. To identify such events we analyzed a series of neuroblastomas by comparative genomic hybridization and single-nucleotide polymorphism arrays and integrated these data with Affymetrix mRNA profiling data with the bioinformatic tool R2 (http://r2.amc.nl). We identified three neuroblastoma samples with small interstitial deletions at 11q23, upstream of the forkhead-box R1 transcription factor (FOXR1). Genes at the proximal side of the deletion were fused to FOXR1, resulting in fusion transcripts of MLL-FOXR1 and PAFAH1B2-FOXR1. FOXR1 expression has only been detected in early embryogenesis. Affymetrix microarray analysis showed high FOXR1 mRNA expression exclusively in the neuroblastomas with micro-deletions and rare cases of other tumor types, including osteosarcoma cell line HOS. RNAi silencing of FOXR1 strongly inhibited proliferation of HOS cells and triggered apoptosis. Expression profiling of these cells and reporter assays suggested that FOXR1 is a negative regulator of fork-head box factormediated transcription. The neural crest stem cell line JoMa1 proliferates in culture conditional to activity of a MYC-ER transgene. Over-expression of the wild-type FOXR1 could functionally replace MYC and drive proliferation of JoMa1. We conclude that FOXR1 is recurrently activated in neuroblastoma by intrachromosomal deletion/fusion events, resulting in overexpression of fusion transcripts. Forkhead-box transcription factors have not been previously implicated in neuroblastoma pathogenesis. Furthermore, this is the first identification of intrachromosomal fusion genes in neuroblastoma.
Introduction
Forkhead-box transcription factors are a large evolutionarily conserved family of transcriptional regulators that share a highly conserved winged helix DNAbinding domain. Outside of this domain, forkheads have diverged into sub-families and incorporated a variety of other domains conferring on them a plethora of functions (Myatt and Lam, 2007) . This divergence is especially relevant within the context of cancer where forkhead-box genes have been found operating as both oncogenes and tumor suppressors via a variety of mechanisms. Among the tumor suppressors, the FOXO family is the most intensely studied. Chromosomal translocations involving FOXO1/3/4 have been implicated in the genesis of pediatric malignancies. In alveolar rhabdomyosarcoma FOXO1 is commonly fused to the PAX3 and PAX7 (Galili et al., 1993; Davis et al., 1994) . In mixed lineage leukemia FOXO3 and FOXO4 are fused to the MLL gene and these fusion products are sufficient for transformation of murine myeloid progenitors Cleary, 2002, 2003) . Recently, triple knockout of FOXO1/3/4 in mice has demonstrated that FOXOs are bona fide tumor suppressors (Paik et al., 2007) . Additionally, FOXOs are commonly post-translationally inactivated in a wide range of cancers by the activation of the PI3K/Akt pathway, which generally results from loss of the tumor suppressor phosphatase and tensin homolog or constitutive activation of receptor tyrosine kinase signaling (Brunet et al., 1999; Yuan and Cantley, 2008) . Forkheads are not always tumor suppressive as FOXM1 and FOXP1 demonstrate. FOXM1 is crucial for cell-cycle progression and mitotic spindle integrity and has been found in various cancers to act oncogenically (Schu¨ller et al., 2007; Wierstra and Alves, 2007) . FOXP1 has been identified in diffuse large B-cell lymphoma to be overexpressed as the result of intrachromosomal translocations and high expression has been linked to poor prognosis (Wlodarska et al., 2005; Hoeller et al., 2010) . This raises the possibility that other forkheads may be of comparable importance in oncogenesis. Forkhead-box R1 (FOXR1, previously named FOXN5) located on 11q23.3, is another recently described member of the forkhead family (Katoh and Katoh, 2004c) . On the basis of sequence alignment, FOXR1 is most similar to the FOXP sub-family (Myatt and Lam, 2007) . FOXR1 expression is restricted to the early stages of embryogenesis as is its ortholog FOXR2 (FOXN6), which is located on the X chromosome (Katoh and Katoh, 2004a, b; Schuff et al., 2006) .
Chromosomal deletions within the 11q23 region are a common abnormality found in a wide range of cancers (Hampton et al., 1994; Lee et al., 2000; Pulido et al., 2000) . In addition to deletions, translocations have also been identified. The most frequent translocations occur within leukemia's, which exhibit a multitude of MLL gene fusion products generated by a variety of chromosomal translocations (Liu et al., 2009) . Neuroblastomas are pediatric tumors that arise from neuroblasts of the sympathetic nervous system. Despite intense multi-modal therapy neuroblastoma remains the second most common cause of cancer deaths among children (van Noesel and Versteeg, 2004) . Previously, deletion of the 11q23 region has been described in neuroblastoma with the smallest region of overlap mapping to 11q23.3. LOH of 11q23 is associated with poor prognosis in neuroblastoma and characteristics such as advanced stage disease and unfavorable histopathology (Guo et al., 1999) . Despite the clear link to prognosis in neuroblastoma tumors only two candidate tumor suppressors at 11q23 have been proposed to date. These are cell adhesion molecule 1 (TSLC1) and the microRNA mir34c (Cole et al., 2008; Nowacki et al., 2008) .
Here we describe that a subset of neuroblastomas have intrachromosomal 11q23 deletions that create PAFAH1B2-FOXR1 or MLL-FOXR1 fusion genes. FOXR1 is silent in all normal tissues studied, but the fusion gene is highly expressed in these neuroblastoma samples. Re-expression of FOXR1 is sufficient to drive the proliferation of non-malignant mouse neural crest stem cells, whereas silencing of FOXR1 expression in the osteosarcoma cell line, HOS, results in growth inhibition and increased cell death. Analysis of Affymetrix profiling data from this knockdown experiment demonstrates significant de-repression of genes containing the canonical forkhead-box DNAbinding element (DBE) within their proximal promoter regions, such as the cell-cycle inhibitor and validated FOXO target gene p27Kip1. Suppression of DBE-driven expression by FOXR1 was confirmed in luciferase reporter assays with synthetic DBE-driven reporter constructs. These data strongly suggest that FOXR1 expression has an oncogenic role in neuroblastoma via the inhibition of the transcription of forkhead-box family target genes.
Results

Intrachromosomal deletions create FOXR1 fusion genes in neuroblastoma
In an ongoing effort to characterize genomic aberrations and corresponding gene expression patterns in neuroblastoma tumors we combine mRNA expression profiling by Affymetrix microarrays and DNA copy number analysis by comparative genomic hybridization (CGH) and single-nucleotide polymorphism array profiling for a series of 225 tumor samples. These data were analyzed using the R2 web application (http:// r2.amc.nl). aCGH and single-nucleotide polymorphism profiling identified three neuroblastomas with microdeletions in the 11q23 region. Large deletions of the q arm of chromosome 11 are frequently found in neuroblastoma and are reasoned to lead to inactivation or haploinsufficiency of tumor suppressor genes. Alternatively, intrachromosomal aberrations could lead to the formation and over-expression of fusion genes. The CGH and single-nucleotide polymorphism array profiles of tumor sample NRC0041 revealed that NRC0041 only contains an intrachromosomal deletion within one copy of 11q23 of B0.5 Mb and was otherwise free of genomic copy number alterations ( Figure 1a ). This micro-deletion has a distal breakpoint in front of the FOXR1 locus and a proximal breakpoint within the MLL gene, which creates a potential MLL-FOXR1 fusion gene. Overlaying the Z-scores of Affymetrix expression data on the genomic map shows that the FOXR1 gene is highly expressed in this sample (Figure 1a ). In the second tumor with an 11q23 deletion, NRC0129, the micro-deletion also created a potential MLL-FOXR1 fusion from a B0.5 Mb deletion with breakpoints highly similar to NRC0041 as shown by single-nucleotide polymorphism array (Supplementary Figure S1) . Surprisingly, the third tumor with 11q23 deletion (NRC0051) also exhibited a FOXR1 fusion resulting from a B1.8 Mb deletion. However, the proximal breakpoint was located within the PAFAH1B2 gene (Supplementary Figure S1) .
We hypothesized that the FOXR1 expression resulted from the formation of a fusion gene with MLL or PAFAH1B2. As a consequence the expression of FOXR1 would no longer be regulated by the FOXR1 promoter but by the promoters of MLL or PAFAH1B2. Support for this idea was found by using the MegaSampler program of R2 (http://r2.amc.nl). R2 is a webbased collection of bioinformatic applications designed for the analysis of gene expression and genomic data derived from various microarray platforms. R2 also contains an extensive database of publicly available gene expression data sets. Using the MegaSampler application of R2 it is possible to view the expression of a gene across a user-defined panel of data sets. This showed that MLL and PAFAH1B2 are relatively highly expressed in neuroblastoma cell lines and tumors relative to other cancers and normal tissues (Supplementary Figure S2 ). This indicated that the promoters of these genes may indeed be driving the observed Figure 1b ). This is consistent with previous findings that FOXR1 expression is only detectable in the early stages of embryogenesis (Katoh and Katoh, 2004a, b; Schuff et al., 2006) . To further explore the extent of FOXR1 expression in neuroblastoma, we performed quantitative (qPCR) on an additional 362 neuroblastoma tumor samples and identified three more tumors exhibiting very high FOXR1 expression (Table 1) . A total of 7 neuroblastomas with strong FOXR1 over-expression were, therefore, identified in 649 neuroblastomas, which in all three analyzable cases were caused by micro-deletion and potential fusion events.
To confirm the existence of FOXR1 fusion genes, cDNA was generated and PCR performed to sequence the products using forward primers within the first exons of MLL and PAFAH1B2 and reverse primers within the FOXR1 coding sequence. In all, three tumors with intrachromosomal 11q23 micro-deletions and high expression of FOXR1 we could sequence verify cDNA fusion products ( 0 untranslated region. For all fusion genes the FOXR1 coding sequence was in-frame with the coding sequences of MLL or PAFAH1B2. Fusion cDNAs contained the full-length FOXR1 coding sequence. In addition to the fusion genes containing full-length FOXR1 we could identify splice variants missing exon 5 or exon 4 and 5 of FOXR1. Both FOXR1 splice variants have been reported in the Genbank database as expressed sequence tags. The supplemental contains the actual cDNA sequences for these fusion products.
FOXR1 can substitute for MYC-driven proliferation in mouse neuroblasts
It is known that most oncogenic MLL fusion genes involve large and functionally defined regions of MLL. The MLL-FOXR1 fusion gene does not include such a region. The three different fusion genes all contained various parts of MLL or PAFAH1B2 while all included full-length FOXR1. This suggests that the tumor driving event is the over-expression of the FOXR1 gene product. Therefore, we sub-cloned the full-length FOXR1 open reading frame (ORF) from the NRC0129 cDNA into the pMSCVpuro expression vector for further characterization. To evaluate the oncogenic potential of FOXR1 over-expression we used mouse JoMa1 neuroblasts stably expressing a 4-hydroxytamoxifen (4-OHT) inducible ER-c-myc fusion gene (Maurer et al., 2007) . Normally, cultured mouse neuroblasts undergo apoptosis or differentiate if cultured in vitro but JoMa1 cells maintain a MYC-dependent proliferative phenotype when treated with 4-OHT. Withdrawal of 4-OHT results in MYC exclusion from the nucleus and cell cycle arrest. In order to explore the role of FOXR1 in neuroblast proliferation we over-expressed either FOXR1 or green fluorescent protein in JoMa1 cells. After withdrawal of 4-OHT FOXR1 was able to fully compensate for MYCdriven proliferation in these neuroblasts (Figures 3a and  b) . High FOXR1 expression, therefore, maintains the (Figure 1c) . We transduced HOS cells with five lentiviral shRNAs targeting FOXR1 from the Sigma lentiviral TRC library and a scrambled control shRNA (SHC002) at equal multiplicity of infection for all shRNAs. The knockdown of FOXR1 was confirmed by qPCR, which identified the best shRNAs as B4 and B8 ( Figure 4a ). As expected, FOXR1 knockdown with both shRNAs resulted in a very large reduction in growth as assessed in a 3T3 assay (Figures 4b and c) . At 144 h post-transduction, HOS nuclei were isolated and analyzed by fluorescence-activated cell sorter. Silencing of FOXR1 resulted in a dramatic increase of the sub-G1 fraction, suggesting that the reduced HOS growth was at least in part because of an increase in apoptosis (Figure 4d ).
FOXR1 suppresses forkhead-box family target genes
To further delve into FOXR1 function, we performed Affymetrix profiling of the FOXR1 knockdown in HOS. We isolated a time series of RNAs at 0, 16, 24, 48 and 72 h after lentiviral-mediated silencing of FOXR1 or transduction with the SHC002 control virus. A data set was generated and analyzed using the built-in R2 time series module as well as identifying the strongly regulated genes by analysis of variance analysis. This analysis provided further confirmation of our FOXR1 knockdown by both shRNAs (Figure 5a ). Additionally, we identified 180 genes upregulated and 148 genes downregulated following FOXR1 silencing (see Materials and methods for analytic method). Among the strongly activated genes were the cell-cycle inhibitors p21Cip1, p27Kip1 and the mTORC2 compo- After 24 h infection, 1 mg/ml puromycin was added. After 24 h,the medium was refreshed again without puromycin. Cells were then counted and re-seeded at 3-day interval over the course of 13 days. All assays were performed in triplicate with the individual results plotted in matching colors for each shRNA. (d) Fluorescence-activated cell sorter (FACS) analysis of SHC002 and FOXR1 shRNA transduced HOS cells. Cells were transduced or not with control and FOXR1 shRNAs at an M.O.I. of 3. Transduced cells were selected on puromycin for 24 h and then the medium was changed. At 72 h nuclei were harvested and stained with propidium iodide. The assay was carried out in triplicate for each shRNA. A total of 30 000 nuclei were counted per sample. All assays were performed in triplicate.
FOXR1 fusion genes in neuroblastoma EE Santo et al nent Rictor (Figure 5a ). Interestingly, these three genes are well-characterized FOXO family target genes normally upregulated by FOXO activity (Stahl et al., 2002; Gomis et al., 2006; Chen et al., 2010) . This finding raised the possibility that forkhead-box transcription factors and particularly the FOXO family of transcription factors were inactivated by FOXR1 and re-activated upon FOXR1 silencing. To assess the extent of this finding, we carried out a statistical analysis to identify, which transcription factor binding motifs were enriched in the genes activated and repressed by FOXR1 knockdown. This analysis was carried out using the proximal promoters (2500 bp upstream and 500 bp downstream of the TSS) of the regulated genes and a randomly chosen set of promoters as background. We found the set of upregulated genes to be highly enriched for forkhead motifs, prevalent among these being FOXO1/FOXO and FOXJ2 motifs (Figure 5b ). The genes downregulated following FOXR1 silencing showed no enrichment for forkhead motifs. This is probably because both FOXO and FOXJ2 are known transcriptional activators and generally not associated with direct transcriptional repression of their target genes (Furuyama et al., 2000; Go´mez-Ferrerı´a and Rey-Campos, 2003) . These findings suggest that FOXR1 may function as a repressor of forkhead-boxmediated transcription by either directly or indirectly blocking the activity of other forkheads that are transcriptional activators.
To test the idea that forkhead-box transcription factors can be modulated by FOXR1, we generated a pair of synthetic luciferase reporter vectors each containing one copy of either a functional FOXObinding element (1 Â DBEwt-'TTGTTTAC') or a mutant element (1 Â DBEmut-'TGTTCTAT'; Furuyama et al., 2000) . We then transduced HOS cells with FOXR1 shRNA B4 or SHC002 control virus and subsequently co-transfected the cells with the The following day, they were selected on puromycin for 24 h then counted and re-seeded at equal density in 24-well plates. The cells were then cotransfected in triplicate with the following combinations of vectors: (1) CMV-Renilla/pGL3-1 Â DBEmut and (2) CMV-Renilla/pGL3-1 Â DBEwt. After 24 h, the cells were harvested and luciferase and renilla signals quantified. For analysis, the luciferase/renilla ratio was calculated for each well and the resultant values averaged within each triplicate. For each shRNA transduction, the pGL3-1 Â DBEwt reporter activity was then divided by the pGL3-1 Â DBEmut reporter activity to calculate the fold change of the 1 Â -DBEwt relative to the 1 Â -DBEmut reporter.
FOXR1 fusion genes in neuroblastoma EE Santo et al luciferase reporters and a renilla expression plasmid as an internal control. After 24 h transfection, lysates were harvested and luciferase/renilla signals quantified. After normalization of luciferase to renilla values, the values of the 1 Â DBEwt reporter were normalized to the 1 Â DBEmut reporter values. Relative to the SHC002 control virus, we observed a twofold increase in forkhead-box-mediated transcriptional activity after FOXR1 silencing (Figure 5c ). These data strongly suggest that FOXR1 either directly or indirectly inhibits the transcriptional activation of forkhead-box target genes, some of which are well proven FOXO target genes. This finding implies that FOXR1 may impair the transcriptional activity of FOXO family members.
Clinical characteristics of FOXR1 over-expressing tumors
Neuroblastoma tumors with large deletions involving 11q23 are known to have a poor prognosis (Guo et al., 1999) . This is thought to be functionally related to reduced expression of tumor suppressor genes that are located on the 11q deleted region and which result in increased aggressiveness of the tumor and therapy resistance. The group of 11q-deleted tumors consists of a subset of tumors with terminal 11q deletions and a subset with interstitial deletions. We now hypothesize that in a subset of the tumors with interstitial deletions of 11q, the tumor driving event is not deletion of a tumor suppressor but over-expression of a fusion gene. As a consequence the clinical behavior of these tumors could be different. Therefore, we correlated over-expression of FOXR1 to clinical characteristics. We have a series of 287 neuroblastoma tumors for which we have mRNA profiling data and a series of 352 for which we have performed FOXR1 qPCR. We selected samples with an increased expression of FOXR1 (Affymetrix: MAS 5.0 corrected present calls above 100/qPCR qbase PLUS determined CNRQ above 5). Surprisingly 6 out of 7 are low-stage tumors, and 5 are younger than 18 months. For six tumors we have followup information. Five patients were in complete remission for over 50 months and only one patient died from his disease (Table 1) . These findings are in contrast with reports on 11q-deleted tumors, which are known to be high stage tumors and have a very poor prognosis.
Discussion
Using an integrated array CGH and mRNA expression analysis approach of neuroblastoma tumors we have discovered the oncogenic activation of a forkhead-box transcription factor, FOXR1. The over-expression of FOXR1 is achieved by 11q23.3 intrachromosomal deletion and subsequent fusion of either MLL or PAFAH1B2 first exons to the proximal promoter region of FOXR1. This shows that combining aCGH and mRNA expression data is a powerful method to identify DNA aberrations that lead to over-expression of tumor driving genes. Notably, this is the first ever fusion gene event identified in neuroblastoma. In support of the hypothesis that this is an oncogenic event in neuroblastoma we provide evidence in primary mouse neuroblasts that over-expression of FOXR1 is sufficient to maintain neuroblast proliferation after sustaining MYC activation is withdrawn. In order to further elucidate the function of FOXR1 in a tumorigenic background we identified the HOS osteosarcoma cell line as having high FOXR1 expression by R2-facilitated microarray analysis. Using lentiviral shRNAs that target FOXR1 we performed stable knockdowns in the HOS cell line. Two different shRNAs caused acute downregulation of FOXR1 as shown by both qPCR and microarray analysis. This FOXR1 knockdown resulted in an increase in the sub-G1 population as shown by fluorescence-activated cell sorter analysis as well as a dramatic decrease in proliferation as measured by 3T3 growth assays.
Subsequent Affymetrix profiling of a time series of FOXR1 knockdown combined with transcription factor binding site enrichment analysis revealed that many putative and known forkhead-box target genes were upregulated following FOXR1 knockdown. Among them were the well-known FOXO target genes p27Kip1, p21Cip1 and Rictor (Stahl et al., 2002; Gomis et al., 2006; Chen et al., 2010) . This strongly indicated that FOXO transcription factors may have been activated following FOXR1 knockdown. This suggests the potential for FOXR1 to either directly or indirectly blocks FOXO target gene expression. To test this possibility we cloned a FOXO reporter system containing one copy of the canonical forkhead-box/FOXO target sequence DBE or a mutated element. The reporter assays revealed that FOXR1 knockdown was indeed capable of activating forkhead-box/FOXO transcriptional activity in HOS cells. Given the identity of the target genes involved FOXO appears to be the most likely sub-family of forkhead-box transcription factors that were activated although other members such as FOXJ2 cannot be definitively excluded. Given the similarity of FOXR1 to the FOXP sub-family by sequence alignment it seems reasonable that FOXR1 may also be a transcriptional repressor such as FOXP (Myatt and Lam, 2007) . This suggests that FOXR1 may have the ability to directly repress genes usually activated by other forkhead-box transcription factors. Within the context of these aberrant over-expressions in neuroblastoma and the osteosarcoma cell line HOS this repression appears to be an oncogenic event.
11q23 deletion has long been considered a prognostic and tumor-driving event in neuroblastoma (Guo et al., 1999; Buckley et al., 2010) . Usually interstitial deletions lead to the loss of tumor suppressors, which potentiate oncogenesis. Here we describe the re-expression of a forkhead-box oncogene capable of inhibiting the activity of tumor suppressive forkhead-box transcription factors such as FOXO in a subset of 11q23-deleted tumors. Notably, these tumors with 11q23 micro-deletions do not contain any other 11q aberrations. This observation classifies a small subgroup of neuroblastoma with intrachromosomal 11q deletions that lead to activation of an oncogene, which is distinct from the majority of neuroblastoma where the 11q deletions most likely lead to inactivation of a tumor suppressor or several tumor suppressors. This is of importance when determining the smallest region of overlap of 11q deletions in search of important tumor suppressors. In addition, analysis of clinical characteristics shows that these patients have a remarkable good prognosis compared with other neuroblastoma patients with 11q deletions. This is the first report on the involvement of forkhead-box transcription factors in neuroblastoma tumors. which highlights the central importance of forkhead-box-mediated transcriptional activity in the determination of cell fate and regulation of tumorigenesis. It is also the first to describe a bona fide fusion gene in neuroblastoma. These mechanisms may be especially relevant in pediatric cancers given the various mutations identified to date involving this class of transcription factors, especially within the FOXO family, which is replete with gene fusion events. Therefore, further elucidation of the mechanisms underlying FOXR1-mediated tumorigenesis is warranted and may uncover additional nodes of importance in the forkhead-box transcriptional networks.
Materials and methods
Patient material and cell lines
All samples were derived from primary tumors of untreated patients. Material was obtained during surgery and immediately frozen in liquid nitrogen. The mRNA expression and DNA copy number analysis were performed using several different platforms on samples derived through various collaborations as given in the Supplementary Materials and Methods Table 1 . The Affymetrix expression data from adult tumors and normal tissues were derived from the Expression Project for Oncology database from the International Genomics Consortium (http://www.intgen.org/expo/). The HOS cell line was a kind gift from Prof M Serra. The cell line was cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 20 mM L-glutamine, 10 U/ml penicillin and 10 mg/ml streptomycin. Cells were maintained at 37 1C under 5% CO 2 .
PCR analysis fusion genes cDNA from the tumors and cell line samples was isolated using Trizol (Invitrogen, Carlsbad, CA, USA). Real-time-PCR was performed using 1 mg total RNA, 125pM oligodT12 primers, 0.5 mM deoxyribonucleotide triphosphates, 2 mM MgCl 2 , RT-buffer (Invitrogen) and 100U Superscript II (Invitrogen) in a total volume of 25 ml. cDNA of 1 ml volume was used for PCR analysis of the breakpoints. The primers used for PCR amplification and sequencing of the MLL-FOXR1 breakpoints were 5 0 -CTCGTCTTCGTCTTCGTC ATC-3 0 (fwd) and 5 
Expression and luciferase reporter constructs
For over-expression studies, the full-length FOXR1 ORF was sub-cloned into a Clonase (Invitrogen) compatible pENTR/D-TOPO vector (Invitrogen) modified to contain the MCS 5 0 -AAGCTTGGTACCGAGCTCGGATCCACTA GTCCAGTGTGGTGGAATTCTGCAGATATCCAGCACA GTGGCGGCCGCTCGAGTCTAGA-3 0 (creating pENTR-MCS). After FOXR1 ORF amplification with the following primers: 5 0 -TATATAAAGCTTGCTCCAACACCTCGACT TCT-3 0 (fwd) and 5 0 -TATATAGAATTCGCATTAGCTGG CTGTTGCTTC-3 0 (rev) from NRC0129 cDNA, the product was digested with HindIII (5 0 end) and EcoRI (3 0 end) and ligated into similarly digested pENTR-MCS. Using the LR Clonase II enzyme (Invitrogen), the FOXR1 ORF was then introduced into the vector pMSCVpuro (Clonetech, Mountain view, CA, USA) by recombination. Previously, a gateway cassette was introduced into the pMSCVpuro vector using the Gateway Conversion Kit (Invitrogen), to make it compatible with the Invitrogen Gateway system and Clonase-mediated recombination.
JoMa1 cell experiments
JoMa1 cells were cultured in a modified neural crest culture medium (NCC medium; Maurer et al., 2007) . Dulbecco's modified Eagle's medium (4,5 mg/ml glucose, L-glutamine, Pyruvate) and Ham's F12 medium were mixed 1:1 and supplemented with 1% N2-Supplement (Invitrogen), 2% B27-Supplement (Invitrogen), 10 ng/ml epidermal growth factor (PromoKine, Heidelberg, Germany), 1 ng/ml FGF (Millipore, Billerica, MA, USA), 100 U/ml Penicillin-Streptomycin (Invitrogen) and 10% chick embryo extract (Pajtler et al., 2010) . To ensure nuclear localization of c-MycER T and concomitant proliferation in JoMa1 cells, 200 nM 4-OHT (Sigma, Deisenhofen, Germany) was added to NCC medium. JoMa1 cells were transfected by electroporation and subsequent puromycin selection. Cells were seeded at a density of 1000 cells per well for MTT cultured in standard NCC medium. MTT assays were performed as described previously (Schulte et al., 2009) . Cell viability was assessed 72 h after withdrawal of 4-OHT.
Lentiviral shRNA silencing
The lentiviral shRNA expression vectors were obtained from Sigma (MISSION shRNA Lentiviral library). Lentiviral particles were produced in HEK293T cells by co-transfection of lentiviral vector containing the short hairpin RNA (shRNA) with lentiviral packaging plasmids pMD2G, pRRE and pRSV/ REV using FuGene HD. Supernatant of the HEK293T cells was harvested at 48 and 72 h after transfection, which was purified by filtration and ultracentrifugation. The concentration was determined by a p24 enzyme-linked immunosorbent assay. HOS cells were counted and 12 500 cells were plated in 6-well plates in 2 ml of culture medium. The culture medium was changed after 16 h and the cells were infected with either the shFOXR1-lentivirus (Sigma TRC FOXR1B4 and FOXR1B8) or the control lentivirus (non-target shRNA control SHC002). An multiplicity of infection of 3 was used for the experiments. Medium was refreshed 24 hours postinfection.
Fluorescence-activated cell sorter analysis and 3T3 assays For fluorescence-activated cell sorter analysis HOS cells were grown for 24 h in 6-well plates and transduced with shRNA as described above. After 24 h transduction, the medium was refreshed. At 144 h after infection nuclei were isolated and stained with propidium iodide by incubation in a hypotonic solution of phosphate buffered saline, dH 2 O, propidium iodide and RNAse. A total of 10 000 nuclei per sample were counted. For 3T3 assays all cell counting experiments were performed in triplo using a Beckman Coulter counter. HOS cells were seeded at a density of 50 000 cells per 6 cm dish. After 24 h, cells were transduced with the shRNAs as above. The next day 1 mg/ml puromycin was added with medium refresh. At time points 3, 6, 10 and 13 days cells were counted and re-seeded.
qPCR analysis 1 mg of Trizol isolated RNA was used for cDNA synthesis as described above. A volume of 1 ml of this cDNA was used for QPCR. A fluorescence-based kinetic real-time PCR was performed using the real-time iCycler PCR platform (Biorad, Hercules, CA, USA) in combination with the intercalating fluorescent dye SYBR Green I. The IQ SYBR Green I Supermix (BioRad) was used in accordance with the manufacturer's instructions. The primers used for the qPCR to measure FOXR1 knockdown were as follows: 5 0 -CCAC ATCTCACCTCCCCTTA-3 0 (fwd) and 5 0 -CTTTCCAGGG GGATACACAA-3 0 (rev). The control primers to b-actin were as follows 5 0 -ACATCTGCTGGAAGGTGGAC-3 0 (fwd) and 5 0 -GCAAAGACCTGTACGCCAAC-3 0 (rev). FOXR1 gene expression in 362 neuroblastoma tumor samples was performed according to a procedure described elsewhere (Vermeulen et al., 2009) . In brief, a qPCR assay was designed for FOXR1 and five reference sequences (HMBS, HPRT1, SDHA, UBC and Alu) and validated using our in silico analysis pipeline (Lefever et al., 2009) . Real-time qPCR was performed in a 384-well plate instrument (LC480, Roche, Germany) and data analyzed using qbasePLUS 1.4 (http://www.qbaseplus.com; Hellemans et al., 2007) .
Luciferase reporter assays
Single-copy luciferase reporter constructs were generated by cloning the forkhead-box DBEwt 'TTGTTTAC' or a mutated version (DBEmut) 'TGTTCTAT' into the pGL3-SV40 vector (Promega, Madison, WI, USA) double digested with SmaI (5 0 end) and BglII (3 0 end) to create pGL3-1xDBEwt and pGL3-1 Â DBEmut. The DBEwt oligos were as follows: 5 0 -CTGG ATTTGTTTACGTCCCGGGTGCA-3 0 (fwd) and 5 0 -GATC TGCACCCGGGACGTAAACAAATCCAG-3 0 (rev). The DBEmut oligos were as follows: 5 0 -CTGGATTGTTCTA TGTCCCGGGTGCA-3 0 (fwd) and 5 0 -GATCTGCACCCGG GACATAGAACAATCCAG-3 0 (rev). The reporter assays were performed using the Dual-Luciferase Reporter Assay System (Promega cat. #E1980). Lysates were harvested in 100 ml 1 Â passive lysis buffer from 24-well plates. A volume of 50 ml of each lysate was loaded into 96-well opaque plates for injection with 50 ml of each substrate; signal detection was performed on a Synergy HT Multi-Mode Microplate Reader (Biotek, Winooski, VT, USA).
